Frequency lowering in hearing aids is not a new concept, but modern advances in technology have allowed it to be performed more efficiently and on select portions of the spectrum. Nonlinear frequency compression reduces the frequency spacing in a band of high-frequency energy so that more information is carried in the audible bandwidth. Frequency transposition and translation techniques lower only the part of the high-frequency spectrum that likely contains important speech information. These advances may help overcome the limited bandwidth in conventional hearing aids, which restrict access to high-frequency information even for those with mild to moderate hearing loss. This is especially important for young children learning speech and language. A framework is advanced in which factors that influence individual differences in speech recognition can be divided into extrinsic factors that affect the representation of the frequency-lowered speech at the auditory periphery, including the specific technique and the settings chosen for it, and intrinsic factors that contribute to an individual's ability to learn and benefit from this signal. Finally, the importance of electroacoustically verifying the output to avoid too little or too much lowering and the importance of validating effectiveness of outcomes in individual users of the technology are emphasized.
Individuals with high-frequency sensorineural hearing loss (SNHL) are denied access to potentially important speech information. For milder losses, this can occur if the miniature electronics in hearing aids are unable to provide sufficient high-frequency amplification or cannot do so without audible whistling and overtones caused by feedback. For more severe losses, the inner hairs cells that code these frequencies may simply be "dead," possibly rendering amplification in this region less useful. [1] [2] [3] [4] [5] As the severity of loss increases to include more lowfrequency content, the amount of "lost" speech information increases along with the challenges for the listener. Most of the sounds we will be concerned about in this discussion involve the fricatives, affricates, and the initial segments of the stop consonants, which are primarily characterized by aperiodic mid-to high-frequency spectral information. Fig. 1 shows a spectrogram of the sentence "children like strawberries" with the previously mentioned sound classes denoted by arrows. As can be seen, the acoustic energy in these sounds can be quite high in frequency, with peak energy sometimes around 9,000 Hz, especially for women and children talkers. [6] [7] [8] In contrast, the vowels and other consonants are primarily characterized by bands of energy, formants, at relatively lower frequencies. Unlike the diffuse spread of energy that is characteristic of the fricatives, affricates, and initial stop consonant segments, changing the frequency relationship of the formants can have serious consequences for the identity of the corresponding speech sound.
Speech is linguistically and acoustically redundant and, with varying degrees of success, listeners can identify high-frequency phonemes using only the transitions from the lowerfrequency formants of the coarticulated phonemes that precede and follow them. 9, 10 Despite this, there is evidence that speech perception improves for both adults and children when an effort is made to preserve the high-frequency noise energy associated with frication, especially when identifying /s/. 7, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] These findings and the fact that hearing aids have limited usable bandwidth have been used to explain the continued difficulty experienced by young children using hearing aids when perceiving and producing these sounds compared with vowels and other consonant sound classes. [22] [23] [24] [25] The gravity of this problem is compounded by the regularity with which /s/ and its voiced cognate, /z/, occur in the English language ( 8% of all spoken consonants) and by their linguistic importance. 26 Rudmin identifies over 20 linguistic uses for /s/ and /z/, including plurality, third-person present tense, past versus present tense, to show possession, possessive pronouns, contractions, and so on. 26 Developmentally, inconsistent exposure to these phonemes for a child with SNHL may have longterm consequences for morphosyntactic development. 24, 27 Findings like these have been the Figure 1 Spectrogram of the sentence "children like strawberries" before processing as spoken by a female talker. Arrows denote the fricative, affricate, and stop sound classes that contain significant high-frequency energy and are therefore the subject of frequency-lowering techniques.
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inspiration for a variety of frequency-lowering (FL) techniques (i.e., methods of moving highfrequency speech information into lower-frequency regions) in commercially available hearing aids. In contrast to a few years ago when FL seemed like just a signal processing novelty, now more than half of the world's major hearing aid manufacturers include FL as an optional feature. Table 1 provides a summary of peer-reviewed research on modern, commercially available FL technologies along with a few studies under review in which the author has personal involvement. A supplementary description of early FL techniques and a summary of related research findings can be found in Simpson. 28 Specific studies in Table 1 are discussed where appropriate and specific technologies are discussed in the next section.
At the outset, it is important to make note that the data indicate that we, as a field of clinicians and researchers, do not yet know enough to predict who will and who will not benefit from FL technology. First, because modern FL techniques have only been around for a short period compared with other hearing aid processing strategies, there just simply is not a lot of data by independent researchers as can be inferred from Table 1 . Furthermore, we have the same difficulties as we do when trying to understand individual variability with conventional hearing aids in addition to nuances associated with FL technology. Specifically, we now have the added difficulty of understanding (1) how the different technologies alter the speech signal that is transduced by the impaired auditory periphery and (2) how this interacts with individual characteristics that influence the ability to learn it. Fig. 2 provides a framework for understanding the different factors that likely influence individual variability in recognition of frequencylowered speech. The first set of factors to be discussed are extrinsic to the listener and relates to the representation of the signal at the auditory periphery. The specific speech sound and its environmental context serve as input to the digital signal processor that alters the acoustic representation in a way that is specific to the signal and to the FL technology and its settings. How this newly coded input is then "seen" by the central auditory system, and beyond, depends on the integrity of peripheral processing (e.g., threshold elevation and broadened auditory filters associated with varying degrees of outer and inner hair cell impairment). It is argued here that these factors contribute the most to differences in individual outcomes. Because there is nothing one can do to control the input signal or the peripheral processing, it is incumbent upon the hearing aid dispenser to choose the appropriate technology and settings that match the speech perception deficit with the impairment. As will be discussed, with a few exceptions, there are no firm guidelines on how this should be done during fitting, which puts the onus on the dispenser to use appropriate measures to validate individual outcomes.
EXTRINSIC FACTORS RELATED TO THE SIGNAL PROCESSING AND IMPAIRMENT

Signal Processing Details
To make informed choices about when, what, and how to implement FL in a hearing aid fitting, it is critical that the dispenser understands the technology and how the handles in the fitting software manipulate the signal. Unfortunately, these details are sometimes hard to come by. Presented below is a summary of information gathered from detailed acoustic analyses by the author for all but the most recent FL techniques. Industry interest in FL had a slow start, but has recently surged. At least for speech in quiet, this is a good method for identifying the speech sounds characterized by high-frequency aperiodic energy. FL is implemented quite simply using a "slow play" effect; in fact, the early analog version used a magnetic tape that was played at a slow rate of speed. Digitally, this is done by using two different analog-to-digital converters (ADCs) at the frontend. The first, ADC1, has a sampling rate equal to the sampling rate of the digital-to-analog converter (DAC). The other, ADC2, has a programmable sampling rate that is an integer multiple (2, 3, 4, or 5) of the DAC sampling rate, called the dynamic frequency compression coefficient. The former, ADC1, is used when no lowering occurs (i.e., when the signal is low-frequency dominated, as with vowels) and the other is used for lowering (i.e., when the signal is high-frequency dominated, as with fricatives, etc.). Because the sampling rate of the DAC (output) is slower than the ADC2 (input), the entire frequency range is shifted proportionally lower by a factor equal to the dynamic frequency compression coefficient (Figs. 3 and 4).
Linear Frequency Transposition
In 2006, Widex introduced LFT to the market as the "Audibility Extender." Whereas AVR Sonovation hearing aids were primarily niche products, this was the first time that the concept of FL went mainstream. LFT was simply an optional add-on feature of an already fully developed line of products. When the LFT feature is activated, the algorithm continually searches for the most intense spectral peak in a limited frequency range known as the "source Figure 2 A framework for understanding factors that likely influence individual differences in speech recognition. Extrinsic factors affect the representation of the frequency-lowered speech at the auditory periphery, including the specific technique and the settings chosen for it, and intrinsic factors contribute to an individual's ability to learn and benefit from this signal.
Figure 3
Relationship between input and output frequencies for linear frequency compression. When the input is dominated by energy below 2,500 Hz, no lowering occurs. When it is dominated by energy above 2,500 Hz, the entire frequency range is compressed by a factor determined by the dynamic frequency compression coefficient. Abbreviation: DFC, dynamic frequency compression.
region." The source region is determined by a programmable "start frequency" that includes the one-third-octave band frequencies from 630 to 6,000 Hz. The source region begins a half octave below the start frequency and extends one octave above it or to the limit of the input bandwidth of the microphone and/or ADC. The frequency region to which the input is transposed is called the "target region" and is one octave below the source region (Table 2 ). An octave-wide band (relative to the target destination) is filtered around the dominant spectral peak in the source region and is then resynthesized one octave down (a factor of two), thus mixing with any low-frequency energy that might be present. 29 An optional expanded mode exists for start frequencies 2,500 Hz where the source region begins a half octave above the start frequency and extends for an additional octave (Table 3) . As with the basic mode, an octave-wide band (relative to the target destination) is filtered around the dominant spectral peak in the source region, but is then resynthesized down by a factor of three instead of two. Hence, below the nominal start frequency there is a potential mixing of energy from the original input signal, the transposed signal from the basic mode, and the transposed signal from the expanded mode (Fig. 5A ). Abbreviations: Freq, frequency; LFT, linear frequency; Note: Actual values will depend on the audibility of the lowered signal. The value for "max" corresponds to the maximum frequency represented by the analog-to-digital converter.
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Unlike the previous technique, when activated, FL is continuous, although its behavior is dynamic because what is lowered and where depends on the spectral content of the input signal (Fig. 6 ).
Nonlinear Frequency Compression
In 2008, Phonak introduced their first hearing aids with NFC, known as "SoundRecover" to the market. In some respects, frequency compression as implemented by Phonak is opposite of frequency compression as implemented by AVR Sonovation. Whereas the latter is selective in time and is implemented linearly in the temporal domain (i.e., by exploiting sampling rate) across the entire frequency range, the former is frequency selective and is implemented nonlinearly in the spectral domain across time. That is, when activated, NFC is always operating, but it only does so over a limited analysis band that is determined by a programmable start frequency that ranges from 1,500 to 6,000 Hz. Frequencies below the start frequency do not undergo FL (Fig. 7 ). This is a key difference between how LFT and NFC are controlled by the handles within the Widex and Phonak programming software. With Widex, all the FL occurs below the start frequency whereas with Phonak, all the FL occurs above the start frequency. With the first generation product (Naída UP), only frequencies up to 6.3 kHz were subject to frequency compression. With the second generation of products, a band about 4.5 to 4.8 kHz wide beginning just below the start frequency was subject to frequency compression, with an upper limit of 10 kHz. With the latest generation of products introduced in 2011, all frequencies beginning with the start frequency and continuing through 10 kHz undergo frequency compression. The relationship between input and output frequencies is determined by the compression ratio, which can vary from 1.5:1 to 4.0:1. As confirmed by calculations performed by the author, because FL occurs on a log scale, the compression ratio corresponds to the psychophysical reduction in spectral resolution in terms of auditory filters (e. g., 2.0:1 means that information that would normally span two auditory filters in the The arrows indicate an ideal scenario when the start frequency is 2,500 Hz in which the input frequency corresponding to where audibility for the untransposed signal ends is close to the start frequency for transposition and where audibility for this signal ends is close to the start frequency for expanded transposition. unimpaired ear before processing will only span one auditory filter after processing). To prevent dispensers from being overwhelmed, options in the programming software are limited to 12 to 15 preset combinations of start frequency and compression ratio. The exact combinations depend on the hearing loss entered into the software. Shown in Fig. 8 is a family of frequency input-output curves that were measured empirically using a hearing aid with the second generation algorithm.
Siemens has recently implemented a form of FL simply known as "frequency compression." 30 Details about its signal processing are unknown at this time. Dispenser control over FL is different from SoundRecover in that two handles, f min and f max , determine the start and end frequencies of the target region, respectively. The compression ratio is then determined by the settings for the two handles, which have lower and upper limits of 1.5 and 8.0 kHz, respectively.
Spectral Envelope Warping
Starkey is also one of the latest companies to implement FL, known as "Spectral iQ," in its hearing aids. The algorithm is described as "spectral envelope warping." The term spectral feature detection is used in the algorithm description because a classifier looks for spectral features in the high-frequency spectrum that are characteristic of speech. The term translation has been used to describe the algorithm Figure 6 A spectrogram of the carrier sentence "children like strawberries" from Fig. 1 and the stimulus "eeSH" after processing with linear frequency transposition in which peak energy from 4,242 to 7,000 Hz is transposed down to 2,121 to 3,500 Hz. Boxes highlight the visually identifiable energy altered by the processing. behavior as these features are added to the lowfrequency signal (Fig. 9 ) in a way that preserves their natural harmonic structure (Fig. 10 ). Another key feature is that, unlike other FL techniques, this technique does not roll off the high frequencies beyond the two upper channels (> 5.7 kHz). This is done to minimize the risk of the dispenser unintentionally limiting audible bandwidth by choosing too aggressive a FL setting, the importance of which will be discussed later. Dispenser control of Spectral iQ takes the form of a seven-point scale that corresponds to the bandwidth of the source region, with higher settings reserved for more severe hearing losses. A gain control is also provided; this control independently adjusts the level of the translated spectral feature. Fig. 11 provides a visual schematic for comparing the commercially available FL techniques. Frequency is represented by the color map-the lowest frequencies are red (bottom) and the highest frequencies are violet (top). The first bar shows the input band and indicates that the source region is the frequency range for which the hearing aid cannot provide sufficient audibility. The following four plots show how each technique approaches the goal of bringing down this information into a region of aided audibility. Fig. 12 shows a classification of these techniques along two dimensions: algorithm activation (input dependent versus always active) and technique that serves as the basis for FL (compression versus transposition). Key characteristics of frequency compression are (1) the target region (the frequency range where information is moved to) is contained within the source region (the frequency range or analysis band that is subject to lowering), (2) the bandwidth of the source region is reduced, and (3) the start frequency (which can be 0 Hz) is like an anchor that does not move. Key characteristics of frequency transposition/translation are (1) there is less overlap between target and source regions, (2) the bandwidth of the source region is not reduced, and (3) the start frequency is moved to a lower frequency (i.e., there is a mixing of lowered and unlowered signals). Figure 8 A family of frequency input-output curves from the second generation implementation of nonlinear frequency compression for one particular hearing loss. For each setting, the first number is the start frequency, followed by the compression ratio. The dotted line represents the maximum audible output frequency achievable with the hearing aid for a hypothetical hearing loss. Asterisks indicate the only appropriate settings for this hypothetical loss based on criteria outlined in the text (i.e., audibility for the lowered signal in a way that does not restrict the audible bandwidth of the processed signal). Modeling the Interaction between the Signal Processing, Hearing Loss, and Speech Historically, attempts to implement FL have been limited to individuals with severe to profound SNHL. 29, [31] [32] [33] [34] [35] For these individuals, arguments for the use of FL are relatively easy to make because deficits in speech recognition increase as high-frequency audibility decreases.
Summary of Techniques
2,36-38 However, as the cutoff frequency of audibility decreases, the challenges involved with FL increase. Reasons for this include the fact that there is more lost information that needs to be recovered and a correspondingly smaller region for recoding it. In addition, the recoded information must be moved to regions where critical low-frequency speech information (i.e. formants) might already exist.
On the other hand, arguments justifying the use of FL for individuals with mild to moderate SNHL are more difficult to make because the overall deficit attributed to bandwidth reduction for these losses is less, which means that potential benefit is also less. In addition, early FL technology involved drastic alterations of the signal and possible audible artifacts. 33, 39 As such, the likelihood of "doing more harm than good" was relatively high. Modern techniques and advances in signal processing have reduced some of these risks associated with FL and, in general, may be more amenable to listeners with milder degrees of SNHL, especially children who depend on the full bandwidth of speech for normal speech and language development (see following discussion).
As just highlighted, the relationship between SNHL and FL seems to be give and take. As the severity of loss increases, the deficit and corresponding potential benefit increase along with the risks associated with using FL. 35, 40, 41 With less severe loss, there is less deficit and potential benefit, but also less risk involved with FL. 42 This relationship can be better understood using the schematic in Fig. 13 . On the abscissa is the amount of FL. Because the acoustic fidelity of the signal is radically altered by FL, the abscissa also is labeled "distortion." Figure 10 Author's rendition of how spectral envelope warping adds information from the high-frequency spectrum to the low-frequency spectrum while maintaining the harmonic structure of the source signal and the original high-frequency spectral content. Figure 11 Visual schematic for comparing the four frequency-lowering techniques. See text for details.
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FL might be considered "constructive distortion" when it aids in speech recognition and "destructive distortion" when it does not, 43 so the term is appropriate either way. On the ordinate is information, which can be quantified using information-theoretic terms like bits, or units from the Speech Intelligibility Index, 44 and so on. The dashed line represents the potential information gained by moving otherwise inaudible high-frequency content to lower-frequency regions of audibility. Up to a certain point, the amount of high-frequency information increases with increases in FL, beyond which, information decreases as cochlear limitations take over (e.g., severe amounts of frequency compression). The line does not go below zero because it represents only that information that is inaccessible with conventional amplification, so presumably FL cannot make this information worse than not having it at all. The dotted line represents the potential decrease in information for that part of the spectrum that can be amplified normally. It never goes above zero because it is hard to imagine that FL can actually make this information better. For small degrees of FL, this information may be undisturbed; for example, when NFC has a high start frequency. 42, 46 However, as FL increases, the information contained in the low-frequency spectrum becomes degraded. The magnitude of the line for the high-frequency content is intentionally less than that for the low-frequency content to respect the differences in the amount each contributes to overall speech recognition. 44 The absolute magnitude and the underlying form of each function will then shift depending on the severity of loss, the specific FL technology and settings, and the speech sounds involved.
The thick solid line in Fig. 13 represents the summation of information gained and information lost attributable to FL. The goal of the hearing aid dispenser is to choose the FL setting that maximizes this function for the individual. Although one cannot know what the underlying function is, or where each setting is at on the function, probe microphone measurements or subjective listening tests can help guard against the two extremes. 40 The first extreme occurs when the FL information is moved to a region that is still inaudible for the listener. If no additional information is made audible, then no benefit should be expected. Although this seems obvious, confusion about the technology or a failure to verify aided audibility can result in this scenario. For example, as already mentioned, with Widex all the FL occurs below the start frequency whereas with Phonak all the FL occurs above the start frequency. If the understanding for the former were confused for the latter, it is likely that little to none of the FL information would be audible. Verification of audibility for frequencylowered speech should also be a consideration when evaluating research outcomes as in Table 1 . For example, the earliest reported investigations of NFC with adults did not Figure 12 Classification of the frequency-lowering techniques. Inserts correspond to the plots shown in Fig. 11 . Figure 13 Schematic of how information in the speech signal is affected by the distortion introduced by frequency lowering. The dashed line represents the potential increase of information gained by moving otherwise inaudible high-frequency content to lower-frequency regions of audibility. The dotted line represents the potential decrease in information for that part of the spectrum that can be amplified normally. The solid black line represents the summation of information gained and information lost attributable to frequency lowering. It is hypothesized that the underlying forms of the functions will depend on the factors depicted in Fig. 2. report if or how audibility for the frequencylowered speech was obtained, thereby limiting inferences or comparisons one might draw. 34, 35 The other extreme that must be guarded against is unintentionally limiting the audible bandwidth by choosing an overly aggressive FL setting. After all, the treatment should follow the principle of "do no harm." Fig. 13 illustrates the possible negative effects of FL. Shown by the solid black line, as FL is made more aggressive and a broader input bandwidth is affected, a patient's ability to extract information from the lowered signal decreases. Not only does the "information value" of the recoded high-frequency content decrease, but the information from low-frequency content is progressively degraded as well. The exact details will, of course, depend on the specific technology. Adults being fit with this FL will verbally object if they feel that they are losing too much information, but young children cannot. This risk of impeding information extraction has lead manufacturers to intentionally limit the adjustment parameters associated with FL and/ or provide the dispenser with recommended candidacy guidelines. Regardless of who is being fit with FL hearing aids, a guideline the author recommends is to use probe microphone measurements to obtain the maximum audible frequency after fine-tuning the hearing aid with FL deactivated, and then do the same with FL activated using the settings under consideration to ensure that audible bandwidth is not limited by FL.
To assist the dispenser in choosing FL settings for NFC and LFT, the author has developed online tools that visually plot how frequencies are altered by the different settings (available at www.tinyURL.com). For NFC, the basic principles can be visualized in Fig. 8 . For a given audiogram, only a limited number of combinations of start frequency and compression ratio are available to the dispenser. In this example, we will assume that the maximum audible frequency in the output that can be obtained with NFC deactivated is 3.6 kHz, as indicated by the dashed line. From the figure, it should be clear that only a select number of the available options, as indicated by the asterisks, avoid the two extremes just described. On the one extreme, none of the FL signal will be audible for start frequencies 3.6 kHz. On the other extreme, settings with start frequencies 1.7 kHz begin to restrict the audible bandwidth of the output. Of the remaining settings, the dispenser might reasonably choose the one that objectively maximizes the bandwidth of the input signal that is made available in the output after FL or the one that is subjectively most pleasing to the listener. 40, 45 For LFT, in addition to these two extremes, one might want to consider how the information in the input is repackaged in the output. For example, Fig. 5A shows how a low start frequency might lead to less than optimal outcomes because too many frequencies in the input are over represented in the output due to the overlap between the untransposed, transposed, and expanded transposed signals. Fig. 5B on the other hand, shows the opposite in which a high start frequency can lead to an island of intermediate input frequencies that are still inaudible after FL. Fig. 5C shows an ideal scenario in which the input frequency corresponding to where audibility for an untransposed signal ends is close to the start frequency for transposition and where audibility for this signal ends is close to the start frequency for expanded transposition.
Some Data
Two studies by the author highlight how the choice of technology and its settings can influence outcomes for different hearing losses. Alexander et al investigated the efficacy of LFT and NFC using 24 adults with mild to moderate SNHL and 24 normal-hearing controls. 42 Participants listened monaurally through headphones to a series of nine fricatives and affricates spoken by three women in a vowel-consonant context that had been mixed with speech-shaped noise at 10-dB signal-tonoise ratio and recorded through hearing aids with LFT or NFC that were programmed for a mild to moderate loss such that FL occurred only for input frequencies 4 kHz. It should be noted that the uses of LFT and NFC for these losses were outside the recommended candidacy guidelines established by the manufacturers. Control stimuli included recordings made while FL was deactivated in each hearing aid (restricted bandwidth condition) and these same recordings mixed with high-pass filtered versions of the input stimuli, so that average audibility extended out to 9 kHz (wide bandwidth condition). Consistent with previous findings that demonstrated the importance of high-frequency information for fricative identification, 7, 19 performance for the hearing-impaired listeners in the wide bandwidth conditions was significantly better than the restricted bandwidth conditions. Individual performance for conditions where NFC provided audibility for input frequencies up to 8 to 9 kHz was similar to the wide bandwidth conditions, indicating that the benefit observed with increasing bandwidth also can be obtained using NFC. In contrast, performance with LFT for both hearing-impaired and normal-hearing listeners was significantly worse compared with the restricted bandwidth condition by about 10 and 20%, respectively. Significant differences between most conditions could be largely attributed to an increase or decrease in confusions for the phonemes /s/ and /z/. Differences in outcomes between the two FL techniques might be attributed to the degree to which LFT altered the low-frequency spectrum compared with NFC in this particular population of listeners. As discussed later, it is possible that this difference would have become less following extended experience with the technology.
Using simulated hearing aid processing in MATLAB (i.e., "the Purdue hearing aid simulator") with NFC modeled after Simpson et al and flexible multichannel wide dynamic range compression, 34 Alexander investigated the effect of varying the start frequency and compression ratio for two fixed output bandwidths. 46 Twenty-eight listeners with mild to moderately severe SNHL identified consonants and vowels from nonsense syllables in noise. All speech output was low-pass filtered at 3.3 or 5.0 kHz across two groups of listeners to control for high-frequency thresholds when simulating two clinical scenarios whereby the dispenser has a variety of NFC options for repackaging different amounts of high-frequency information in a limited band of audibility. For both groups there was significant improvement in fricative/ affricate identification for most NFC settings relative to the low-pass control conditions. However, when start frequency was low (1.6 kHz), there was a decrease in vowel and nonfricative consonant identification. Recognition of these sounds improved when the start frequency was increased ( 2.2 kHz) even though the compression ratio also had to be increased to provide audibility to the same band of input frequencies, a process that reduced spectral resolution within the FL signal. Alternatively, when less compression was used with the low start frequency, vowel and nonfricative consonant identification was closer to that for the low-pass control, although this came at the expense of bringing less high-frequency fricative information down into the range of audibility (cf. Fig. 13) . Overall, the results of this study indicate that many factors likely determine how much information individual listeners can extract from frequency-lowered speech, including the frequency regions altered by FL and the severity of loss in the regions to where information is moved.
INTRINSIC FACTORS RELATED TO THE ABILITY TO LEARN AND BENEFIT FROM FREQUENCY-LOWERED SPEECH
The second set of factors in Fig. 2 to be discussed are highly interconnected and relate to intrinsic characteristics of the individual listeners and their abilities to make use of the new and altered speech cues associated with FL. These factors include age of fitting, age of hearing loss onset, listening experience, and cognitive factors. The preceding section indicates that each FL strategy is a form of speech recoding that uniquely alters the information contained in individual speech sounds at the auditory periphery in a complex manner. For listeners to benefit from the recoded speech information, they must first learn how to interpret the new signal. For some FL settings, little to no learning may be necessary and immediate benefit can observed, even in the laboratory. 29, 45, 46 For example, if NFC has a high start frequency (e.g., > 3,500 Hz), FL will primarily affect information contained in the aperiodic high-frequency spectrum by making it narrower in bandwidth. Because the processed signal can have at least the same sound quality as conventional amplification, 47, 48 listeners with SNHL may not even notice the alteration for most speech sounds. The potential for benefit is related to the extent that the new information made available with FL reduces uncertainty about the spoken message. The degree to which listeners have uncertainty in the first place will depend on the linguistic context of the message and the listeners' abilities to use this context. The role of linguistic context was discussed earlier. Listeners' abilities to use context to bootstrap understanding of a message fragmented by "information dropouts" (inaudibility of critical acoustic cues) depends on their knowledge of grammar, semantics, and pragmatics. This is where we might expect to see differences between children and adults. It also introduces a further distinction between whether the loss is pre-or postlinguistic, because listeners who have auditory experience with the natural productions of the recoded sounds might adapt more quickly to them.
For other FL settings, more implicit and/or explicit learning may be necessary before full benefit can be realized. These settings likely involve a manipulation of the primary formants of speech, which generally reside in the part of the spectrum below 3,500 Hz or so. 49 For these settings, altered sound quality might be observed along with new perceptual confusions. 29, 40, 48, 51 Whether listeners can adapt to the altered sound quality is an important consideration because the technology will likely be rejected if they cannot. There is some indication that sound quality or preference ratings can improve for both adults and children over time with modern FL strategies. 50, 52 Assuming that sound quality is not an issue, other factors that might determine benefit are listeners' experience with the technology, which can be gained implicitly through acclimatization and/or explicitly through training, and the listeners' underlying cognitive ability to apply the necessary effort involved with the perceptual learning process.
Children versus Adults
Children might experience greater benefit from FL compared to adults simply because they appear to have a greater "deficit" when identifying speech under identical conditions. In other words, in conditions where adults are performing near the ceiling of their abilities using conventional amplification, children might still be able to benefit from additional information gained via frequency-lowered speech. As mentioned, when linguistic knowledge confers an advantage, adult-child differences in speech recognition might be expected. For example, when identifying words or sentences in noise, children require more favorable signal-to-noise ratios for similar performance. [53] [54] [55] [56] [57] However, even when linguistic knowledge is of little apparent value, as when identifying nonsense syllables, children still underperform adults and require higher levels of audibility.
18,58-61 Reasons for this are beyond the scope of this article, but likely include differences in phonological development and phonotactic knowledge. 62 That is, adults have relatively stable categories for the various acoustic forms sounds in a language can take and have an implicit knowledge about the allowable sound sequences. This helps to restrict the range of possible response options even when nonwords are tested. 63 More relevant to this discussion are findings that suggest that children benefit more than adults when the availability of speech information is augmented by increases in signal bandwidth. 7, 64 Whether this finding holds when the same information is made available via FL has yet to be demonstrated.
Only a small number of studies have tested adults and children using identical methodologies, which is an important evaluation criterion because different procedures, especially different methods for selecting individual FL settings, can significantly affect outcomes as noted previously. Glista et al reported outcomes for both children and adults with sloping high-frequency SNHL ranging from moderately severe to profound. 40 A withdrawal design was used in which performance following exposure to NFC for a minimum of 3 to 4 weeks was compared with terminal performance following exposure to conventional processing for another 4 weeks or so. Age group was a significant predictor of performance on a test of plural recognition, with 4 of 13 adults and 7 of 11 children showing significant improvement with FL. However, it is unknown whether this result is due to developmental differences or to the fact that children were given 5-to 10-dB more gain than adults per the Desired Sensation Level v5.0 prescriptive guidelines. 65 Using the Purdue hearing aid simulator, Kopun et al tested adults and children with mild to severe SNHL on monosyllabic word recognition before and after 22 minutes of audio-visual exposure to two children's stories that had been processed with customized amplification and NFC processing. 97 They found that both children and adults performed significantly better before and after exposure with NFC compared to without. Exposure did not provide additional benefit for NFC because performance also improved for the processing condition without NFC. Importantly, they did not find a significant difference in benefit for children and adults.
In a study that exclusively examined soundquality judgments for speech and music following processing using the Purdue hearing aid simulator with NFC and without NFC at two bandwidths, Brennan et al did not find preference differences between adults and children with mild to severe SNHL. 48 For speech stimuli, both age groups preferred wide bandwidth processing (10,000 Hz) or NFC more often than restricted bandwidth processing (5,000 Hz). This preference was positively correlated with amplification experience, but there was no relationship with the audiogram. For music stimuli, no significant differences were found between the three conditions. It should be noted that the start frequency of NFC was > 3,000 Hz for most listeners, which limited the processing to frequencies that do not contribute much to pitch. These results are somewhat in contrast to those of Glista et al, 40 who found that children had a greater preference for NFC than adults, and to those of Auriemmo et al, 41 who noted that children more often preferred LFT than adults after initial fitting, but not after 2 weeks of usage due to increases in preference by the adults. 29 In summary, despite several valid reasons to expect adult-child differences in benefit and/or preference for FL, supporting evidence is not available within studies that used a matched experimental design across age groups.
Age of Hearing Loss Onset
Discussion of child-adult differences implies more than auditory and linguistic development. Most of the adults in the studies described in the preceding section had acquired losses (namely presbycusis and noise exposure), and most of the children had congenital losses (e.g., genetic causes, meningitis, hyperbilirubinemia, anoxia at birth, etc.). Differences in etiology have implications for the degree of involvement of the various cochlear structures (e.g., outer versus inner hair cell loss) and the audiometric configuration-factors discussed in the first part of this article. For example, Pittman and Stelmachowicz analyzed almost 500 audiograms from a clinical population and found that children compared with adults had a greater variety of audiometric configurations other than the classic sloping loss, had greater variability in thresholds across frequency, and had a greater prevalence of asymmetrical hearing losses. 66 As discussed, audiometric differences influence the amount of unaided deficit for individual speech sounds and the choice of FL technology and its settings.
Another factor to consider in this discussion is the role of prelinguistic versus postlinguistic hearing loss. It has been documented that young children who are deprived of rich auditory input because of untreated SNHL or unaidable high-frequency SNHL often have delayed phonological development compared with their normal-hearing peers. [22] [23] [24] [25] 67, 68 In other words, the acoustic properties that help to categorize one sound as being different from another are less defined (acoustic-phonetic boundaries are more variable), resulting in perceptual confusions and expressive deficits.
It is unknown what effect this could have on perception of frequency-lowered speech relative to conventional hearing aid processing, but the amount of deficit and the ability to learn the new speech code are likely mediating factors. For example, listeners with better phonological representations of the phonemes /s/ and /z/ due to prior auditory experience might have fewer deficits with conventional hearing aids, hence less room for improvement as performance nears the ceiling. These listeners might also be able to learn to use the new and altered speech cues more quickly, whereas those with poorer phonological representations might require an extended period to acclimatize and/or require explicit training.
Acclimatization and Training
Perceptual acclimatization refers to the process by which individuals adapt to altered sensory input to maintain optimum performance in their environment. For speech perception, the effects of acclimatization are often gauged by improvement in recognition scores over time, [69] [70] [71] [72] [73] [74] [75] [76] but they also could include gradual improvements in rated sound quality, decreased listening effort, and so on. 77 The latter are often overlooked, but are important to consider because initial reactions to frequency-lowered speech, which contribute to the overall experience, might exhibit even greater change over time compared with conventional amplification because of the increased amount of signal alteration. These considerations are mentioned briefly elsewhere in this article.
Two studies 25, 51 that have explicitly examined acclimatization effects for frequency-lowered speech without training have been conducted on children. Both studies reported significant improvements in speech recognition following extended experience listening through hearing aids with NFC. Wolfe et al presented results from a 6-month follow-up on 15 young children (ages 5 to 13 years) with moderate to moderately severe SNHL who were initially tested after two counterbalanced 6-week intervals in which they listened through the same hearing aids with NFC activated or deactivated during their daily routines. 25, 78 Discrimination of singular/plural contrasts in quiet, which tests perception of /s/ and /z/, and discrimination of high-frequency consonants embedded in nonsense vowel-consonant-vowel utterances in quiet were significantly improved by NFC after 6 weeks. Sentence recognition in multitalker babble did not improve during this time, however. When tested again at 6 months, plural discrimination maintained at ceiling performance levels and there were continued improvements in the discrimination of highfrequency consonants relative to testing at 6 weeks. Interestingly, there was significant improvement the signal-to-noise ratio threshold for sentence recognition that was not present after 6 weeks. These results indicate that some children may undergo an acclimatization period lasting at least 6 months for NFC. However, maturation and/or learning effects cannot be ruled out as contributing factors in the Wolfe et al study because there was no control condition or withdrawal condition whereby listeners were tested following an acclimatization period with NFC deactivated. 25 To minimize the likelihood of maturation effects, Glista et al tested 6 older children (ages 11 to 18 years) with at least moderately severe high-frequency SNHL in a single-subject design on phoneme detection, plural recognition, discrimination between /s/ and / R /, and consonant recognition at regular intervals over a 4-month period. 51 One listener did not show improvement over time due to ceiling effects. For the other five listeners, they found significant improvement (up to 20%) with NFC on at least one test, especially with fricatives, although the pattern of improvement over time was quite variable within and between listeners. Therefore, the authors caution about extrapolating from individual results and warn that maturation effects are still possible, although unlikely.
Explicit auditory training is another way, and in some cases may be the only way, that listeners can get the experience they need to learn the new and altered speech cues introduced by FL. The concept of training on frequency-lowered speech goes back to the earliest techniques described in the literature, where it was more commonplace than modern techniques (see Simpson 28 for a review). One reason for this shift in approaches may be that the modern techniques described in the recent literature are usually implemented in wearable devices, which provides listeners with an opportunity to acclimatize to the processing. The only exceptions that incorporated formal training procedures utilized LFT. 29 , 41 Auriemmo et al tested 10 children (ages 6 to 13 years) with severe to profound SNHL on consonant and vowel recognition in quiet before and after a 3-week control period during which they wore a hearing aid with LFT deactivated during their daily routines. 41 Then they repeated the same testing after two additional 3-week treatment periods during which LFT in the hearing aid was activated. Throughout the control and treatment phases of the experiment, listeners attended weekly auditory training sessions. The main findings were that during the 6-week period when LFT was activated, consonant recognition at a low presentation level (30-dB hearing level) significantly improved by more than 20% and the production accuracy of /s/ and /z/ improved by more than 10%. There was no significant difference in vowel recognition when LFT was activated versus deactivated because performance was near ceiling levels during initial testing for both conditions. Because listeners received training along with their daily exposure to LFT, it cannot be determined if the observed effects were due to acclimatization and/or to training.
Kuk et al tested eight adults with severe to profound SNHL on consonant recognition in quiet and in babble noise, first with LFT deactivated and activated after the initial fit, then after 1 month of daily exposure and training ( 20 to 30 minutes per a day), and then after another month of daily exposure but without training. 29 A feature analysis of the confusions revealed that the main source of improvement with LFT was fricatives. At a presentation level of 50-dB sound pressure level (SPL), fricative recognition improved 5 to 10% initially and then an additional 10% after 2 months. At a presentation level of 68-dB SPL, a significant difference was only seen for fricatives, which improved by 10% after 2 months. At this level, there was also a decrease in recognition of stop consonants after the initial fit, which significantly improved after 2 months to performance levels slightly better than baseline. For speech in noise, the only significant difference was about a 15% improvement for fricatives after 2 months of training. Like the Auriemmo et al study, one cannot determine if the observed effects were due to acclimatization and/or to training, because listeners received training along with their daily exposure to LFT. 41 Furthermore, because there was no control group that trained on the same hearing aid with LFT deactivated, one cannot determine if the observed main effects are due to the additional information introduced by LFT or to simple practice effects. To address this concern, a brief follow-up report by Kuk and Keenan indicates that there were no training effects per se when using the hearing aids with LFT deactivated. 79 In summary, the few reports that have examined the effects of extended listening experience with frequency-lowered speech support the notion that at least some listeners require a period of acclimatization and/or training with the new speech code before full benefit can be realized. One can speculate that the more drastic the alteration of speech cues following FL, namely involvement of low-frequency speech cues, the greater the need for extended or explicit listening experience for the listener to learn how to most effectively process the newly introduced and altered information.
Cognitive Factors
There has been recent interest in understanding how cognitive processes influence outcomes for hearing aid algorithms other than FL (see Lunner et al 80 for a review). Cognitive processing has been implicated in at least two ways. One way is as a moderating variable (e.g., verbal working memory) that influences who benefits and under what circumstances, as with wide dynamic range compression. [81] [82] [83] [84] [85] Another way is as a dependent variable; that is, the construct by which benefit is measured (e.g., in terms of listening effort, recall, reaction time), as with digital noise reduction. [86] [87] [88] As noted in the previous paragraphs, FL techniques and settings that alter more of the natural speech code may require a learning period consisting of exposure with or without training to achieve maximum potential. On the one hand, if learning puts a high demand on cognitive resources, then FL might not be beneficial or might even be detrimental to those listeners who have fewer resources available, such as the elderly. [89] [90] [91] [92] [93] On the other hand, if FL can provide additional information that helps reduce uncertainty about the spoken message without the need for learning, then it might be able to reduce the cognitive load associated with listening in real-world scenarios, thereby benefiting these same listeners in terms of listening effort, recall, comprehension, multitasking, and so on. 92 Two recent studies have explored the relationship between cognitive processing and recognition of speech with NFC. 94, 95 Using older adults (ages 62 to 92 years) with mild to severe sloping SNHL, Arehart et al 94 measured working memory and recognition of sentences in noise that had been processed with a hearing aid simulator that implemented a form of NFC similar to that described by Simpson et al. 34 The signal processing differed in that only the most intense peaks in the high-frequency spectrum were compressed, instead of the entire high-frequency spectrum. NFC settings were intentionally aggressive with start frequencies as low as 1,000 Hz because the primary purpose was to obtain correlates for speech recognition of distorted speech, not FL per se. As the amount of distortion increased, speech recognition was more adversely affected in listeners with the poorest working memory abilities compared with those with better working memory abilities. In contrast, Ellis and Munro 95 used similar test materials and the same cognitive test as Arehart et al 94 but did not find a significant relationship between the working memory of young normal-hearing adults (ages 18 to 50 years) and recognition of speech with an NFC start frequency of 1,600 Hz. Interestingly, they found a significant relationship between working memory and recognition of the unprocessed speech, which indicates that the variation in working memory abilities for this nonclinical population should have been sufficiently large to capture an effect for NFC processing had there truly been one. Further research is clearly needed to better understand the role that cognition plays in processing frequency-lowered speech and how this influences candidacy for this technology.
CONCLUSION
After reviewing all the studies mentioned in this article, it should be clear that differences in outcomes with FL vary along with the dependency of the test materials and individual listeners on information in the high-frequency spectrum. Accordingly, when FL shows a benefit for speech recognition it is primarily for fricative consonants with restricted linguistic context. Not all of the individuals in the studies reviewed showed improvement in speech recognition with FL. For most of these, speech recognition with FL was not statistically different from speech recognition without FL, which might offer some assurance from a "do no harm" perspective. However, for some listeners, FL negatively affected speech recognition. In light of the model presented in Fig. 13 , one might question whether the settings in these cases actually optimized the total information in the signal. In addition, full benefit might not be realized until after several months of experience with the technology, especially for speech in noise.
Although the focus of measuring benefit has been on speech recognition, one should be open to the possibility that benefit from FL might be less evident in terms of decreased listening effort, improved speech production and vocal quality, improved localization and spatial unmasking, and so on, even when there are no observable improvements in speech recognition as measured in the laboratory.
Finally, the reader is reminded of the need to (1) understand the specific FL technology before implementing it (i.e., what frequencies are lowered, where are they lowered to, when are they lowered, and how are they lowered), (2) verify electroacoustically that FL moves additional speech information to a region of audibility, but does not unduly limit the audible bandwidth of the entire signal, and (3) validate outcomes to ensure effectiveness for the individual.
